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The main purpose of thermogravimetric study of the synthesized and the initial samples of
nanoporous carbon materials was to establish their thermal stability and to obtain when possible

mathematical relationships that describe them.

The studies were conducted on derivatograph of Hungar-
ian company Paulik under the following conditions: weight
ranged between 50100 mg, channel sensitivity: 1 mV, heat-
ing rate: 10 °C/min, maximum temperature: 900 °C.

Kinetic calculations were performed according to the
method described in the literature [1-3, 7] with the software
implementation [4, 8]. Methods of non-isothermal kinetics
that were employed for the calculations enabled to use data
from one study of non-isothermal thermogravimetric (deri-
vatographic) analysis to calculate kinetic constants of
chemical processes, which were accompanied by a change
in the mass [1].

In the isothermal studies, environmental temperature
and temperature of the sample is always different, thus
there is a sample quasistationary temperature field, particu-
larly in case of low temperature rise rate. Quasistationary
temperature field makes it possible to take (to a first ap-
proximation) that the temperature of the sample increases
linearly. Deviation of the actual sample temperature from
the expected value is due to self-heating and auto refrigera-
tion of the sample.

For non-isothermal process, the conversion can be cal-
culated by the following formula [2]:

_Gy-g
X = )
G, -G,

(1)

where g — factor to measure the properties of time, mg; Gy,
G..— initial and final value.

In most cases weight loss is used as a G (weight loss is
calculated from the TG curve), since this parameter can be
determined with sufficient accuracy from the deriva-
tograms.

In isothermal conditions, the rate of decomposition of
the process is:

Wz(;ﬂzkoexp(—E/RT)f(x) )
T

t—time, s;

ko— pre-exponential factor, 1/s;

E —activation energy, J/mol;

R —universal gas constant, R = 8,31 J/mol K;
T —temperature, K;

f (x) — concentration of the kinetic equations, dimen-
sionless.

In non-isothermal conditions at a temperature linear in-
crease T = Ty + ¢t and dT = ¢-dt, where ¢ — heating rate,
K/sec. We get df = dT'/ ¢, and the equation (1.2) takes the
form as follows:

k
W= d —exp(—E/RT)- f(x) 3)
dT ¢
In this paper we used the differential method to deter-
mine the function f(x).

Hereinafter, the algorithm [5] of experimental data proc-
essing, calculating of F, &y and kinetic constants is to ap-
proximate the dependence x = f(7) by a cubic spline func-
tion with subsequent differentiation. As a result we receive
the experimental values of the process rate W = dx / dT.
After this, we arrange arrays to search for the kinetic con-
stants with provision for the form of the function f (x),
which was deployed as the most used expressions [7]. We
calculate the kinetic constants and perform statistical analy-
sis of the results.

Calculated data for activation energy and reaction order
for the non-isothermal process in the first approximation
can be used as process characteristics.

This algorithm was implemented in BASIC language,
and calculations were performed on IBM PC / XT com-
puter.

The ECM allowed to achieve high accuracy in calcula-
tion of rate ¥, which is a remarkable aspect when employ-
ing a differential method. Thus, the employed version of the
differential method compares favorably with the integral
method [9].

Analysis of the mechanisms and kinetics of the reaction
equations of solids was taken from the literature [7].

In this paper we study the thermal stability of the raw
carbon materials. Research results of thermogravimetric
analysis of activated anthracite AA, nanoporous carbon
materials T and T3H are shown in Fig. 1.

Thus, up to 100 °C, loss of water adsorbed on the sur-
face of the carrier occurs as evidenced by a small area of the
peak. This fact is most clearly reflected in the differential
thermogravimetric curves (DTG) (fig. 1, b).

In this temperature range the maximum weight loss is
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Fig. 1. Thermogravimetric analysis curves samples AA, T, T3H: a — thermogravimetric analysis (TG), b — derivative thermogravimet-

ric analysis (DTA), ¢ — differential thermal analysis (DTA)

from 3% for T3H to 8% for activated anthracite (fig. 1, ).
Kinetic reaction rate calculations in this temperature range
were performed by equation 4 for the sample of activated
anthracite, by equation 5 — for the T sample and by equa-
tion 6 — for the T3H sample.

W =0,76-exp(—-11492/8,31T)-(1-x)*' @)
W =1,73-exp(-21375/8,31T) - (1- x)"* 5)
W =0,97-exp(-17513/8,31T) - (1-x)""" . ©)

After the kinetic study of the temperature range 500—
850 °C (500-750 °C for T), we obtained kinetic equation 7
for the activated anthracite sample, equation 8 — for the T
sample and equation 9 — for the T3H sample.

(- x)l,z

W =3,7-10" exp(—52734/8,31T) - —————: (7
Xp( ) 1_(1_x)2/3 ()
-1 (l_x)l’7
W =4,8-10" exp(~127541/8,31T)-——2—;  (8)
x»
. (1-x)">
W =5,37-10" exp(~158371/8,31T)-—2—.  (9)
x»

The coefficient of multiple correlation is 0.9777 for all
the resulting equations, which makes these equations valid.

Based on type (4-6) equations and the received activa-
tion energies, it can be affirmed that within the temperature
range up to 500 °C a simple diffusion process takes place,
as indicated by the values of the reactions order (0.1-0.25)
and by the values of the activation energies. Based on type
7 equation, the activation energies and the reaction order, it
can be affirmed that a topochemical process that forms deg-
radation centers on the surface (the set of “points”, such as
defects in the structure) takes place in the T sample within
the temperature range 500—750 °C. The situation is similar
for the T3H sample and the activated anthracite sample.
Based on type (8-9) equations, values of the reactions order
and the activation energies, it can be affirmed that a dimen-
sional topochemical process takes place in the samples
within the temperature range 500-850°C. Such

topochemical processes are typical for the processes that
occur over the entire surface, not only at the “points”.

According to the thermogram, maximum destruction of
the surface functional groups occurs continuously with exo-
thermic effect within the temperature range 500-750 °C for
T and 500-850 °C for T3H and activated anthracite (fig. 1,
a). Within these temperature ranges, the main weight loss
of the samples occurs: 85% for the T sample, 97% for the
T3H sample and 87.5% for the activated anthracite sample.
With further increase in temperature to 900 °C, equalization
of the residual mass values is observed for the T sample at
the level of 10.3% and for the activated anthracite sample at
the level of 4.5%. No residual mass equalization is ob-
served for the T3H sample since at 850 °C it becomes
completely destroyed.

The conducted thermogravimetric studies suggest that
T, activated anthracite and T3H are thermally stable within
the temperature range up to 500 °C. If temperature exceeds
500 °C, full thermal degradation of the main matrix of T,
T3, activated anthracite, and degradation of surface func-
tional groups take place. Besides, it was found that the acti-
vated anthracite sample and the T sample contain a mineral
component, which is thermally stable.

Furthermore, we studied thermal resistance of the acti-
vated anthracite samples, the T and the T3H samples modi-
fied with Ni metal with different mass fractions of metal.
We performed kinetic reaction rate calculations. The results
of thermogravimetric studies of activated anthracite, T and
T3H are shown in Fig, 2.

Having performed the kinetic studies, we received the
following relationship:
for AA with 1% (wt.) Ni in the range of 20-500 °C

W =3,76-10" exp(-21573/8,31T)-(1-x)""7;  (10)
in the range 500850 °C
28
W =5,27-10" exp(~185270/8,317) (1—)6)1/3 ;(11)
1-(1-x)
for AA with 4% (wt.) Ni in the range of 20450 °C
W =3,27-10" exp(-20375/8,317)-(1-x)*"";  (12)

in the range of 450-850 °C
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Fig. 2. Thermogravimetric analysis curves samples AA, T, T3H different metal Ni content: @ — thermogravimetric analy-
sis (TG), b — derivative thermogravimetric analysis (DTA), ¢ — differential thermal analysis (DT A)

1—x)?7
W =5,28-10" exp(—201573/8,31T) % {(13)

—(1-x
for T and T3H from 1.25 and 1% (wt.) Ni in the range of
20-750 °C and 20-800 (equation 14-1.15), with a 4%
(equation 16—-17):

1—x)>°
W =1,36-10% exp(=576327/8,31T)- % :(14)
-(I-x

1— )
W =0,37-10' exp(—125310/8,31T).% :(15)
-(1-x

_U_ﬂm;UQ

L9
W =2,37-10' exp(—183542/8,31T)-(1;)1/3 .(17)
1-(1-x)

The coefficient of multiple correlation is 0.9793 for all
the equations obtained, which allows us to consider them
reliable.

The results of analysis of the thermogravimetric curves
have scarcely changed both for the initial AA and for the
Ni-coated AA sample (equation 4, 9 and 10-13). At the
same time, according to type (14-17) equations, values of
the reactions order and the activation energies, it can be
affirmed for all the T samples and the T3H samples coated
with Ni that within the entire temperature range a compli-
cated topochemical process occurs. Such process is charac-
teristic of the processes that occur over the entire surface,
not only at the “points”. In other words, we can say that the

1— %)’
W =2,32-10% exp(—637521/8,31T)- 1(—")

Table 1. Thermographic study samples AA, T and
T3H

Sample Temperature E —activa- Reaction
range of mass tion energy, order
loss, ° C J/mol
20-500 11.49 0.10
AA 500—850 52.73 1.20
T 20-500 21.38 0.25
500—750 127.54 1.70
20-500 17.50 0.17
T3H 500—850 158.37 1.25

destruction of these materials takes place uniformly accord-
ing to the mechanism. The fact that favorably compares our
artificially created monoporous carbon material T with the
natural anthracite is that when used as a catalyst, the artifi-
cial carbon material T will most likely ensure a stable proc-
ess flow. Besides, due to the presence of active metal on the
surface, the degradation temperature ranges have changed.
The destruction temperature range remained unchanged
only for activated anthracite with mass fraction of 1% Ni.
However, on the DTA curve, the second peak of the de-
struction became more distinct at 650700 °C, which is
caused by the influence of the active metal during destruc-
tion of the functional groups on the surface of the carrier
and by changes in the mechanism of destruction of the
main carrier matrix. This is confirmed by the data from
Fig. 2 and kinetic equations 10 and 11. Increasing the nickel
content up to 4% by weight, accelerates the oxidation reac-
tion of the anthracite surface with its subsequent destruc-
tion. The destruction begins at 450 °C (Fig. 2 and Tab. 2)

Table 2.Thermographic study samples AA, T, T3H
coated with Ni

Sample | Temperature range| E —activation | Reaction
of mass loss, °C | energy, J/mol order
AA 20-500 21.57 1.10
1 % (wt.)
Ni 500-850 185.27 2.80
AA 20-450 20.37 1.20
4 % (wt.)
Ni 450-850 201.57 2.70
T
1.25% 20-750 576.33 2.90
(wt.) Ni
T
4 % (wt.) 20-750 637.52 3.70
Ni
(wt.) Ni 20-800 125.31 1.30
T3H
3% (wt.) 20-800 183.54 1.90
Ni
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instead of 500 °C for the initial sample (Fig. 1 and Table 1)
and completes at 800 °C instead of 850 °C for the initial
sample (Fig. 2). Noteworthy, the increase in Ni mass frac-
tion leads to increase in the residue after degradation. For
the initial activated anthracite, the residue after degradation
made up 4.5%, for 1% Ni — 5.2%, for 4% Ni— 9.1%. De-
duction of the residue of the former reveals values that are
close to Ni mass concentrations on the carrier, namely 0.1
for 7% Ni and 4.6 for 4% Ni. Thus, mass concentration of
the metal in the sample can be accurately determined from
the difference in residue of carbon material with metal and
carbon material as it is.

The relationships similar to those that exist for activated
anthracite with Ni are observed for T and T3H, however
there are some differences. Unlike activated anthracite with
mass fraction of 1% Ni, the shift of the destruction onset
temperature from 500 °C to 450 °C occurs on the T sample
with mass fraction of 1.25% Ni and on the T3H sample
with mass fraction of 1% Ni (Figure 1, 2), while the de-
struction completion temperature remains unchanged for
the T sample and decreases down to 800 °C for the T3H
sample. Further increase in metal content on the T sample
and on the T3H sample to 4% (wt.) contributes to the fact
that destruction of the carbon surface takes place within the
range of 350-700 °C (Fig. 2, a). This indicates that the car-
rier structure influences the metal activity in the reaction of
the carrier surface oxidation.
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